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Abstract-The widespread use of power electronics in industrial, commercial and even residential electrical equipment like non-linear loads causes deterioration of the quality of the electric power supply with distortion of the supply voltage and in order to mitigate this quality the shunt active power filter (SAPF) is the suitable and effective solution for harmonic elimination and reactive power compensation and lead to power quality (PQ) improvement, therefor an effective and accurate current control technique is needed in order for a SAPF where control algorithm is the heart for SAPF to perform this function and its dynamic performance is mainly depends on these control strategy. This paper proposes three different current control strategies (CCS) based on instantaneous power theory and generalized Fryze theory which used for the generation or extraction of the accurate reference current signals which comparing with the actual signals through hysteresis current technique (HCT) to produce suitable gating signals for SAPF and discusses the performance for these controllers when the supply bus voltage is distorted with scope on the efficient control algorithm. Matlab / Simulink simulation results are presented to validate the control strategy and demonstrate the effectiveness of SAPF to provide mitigation of power quality problems for non-linear load to reach an acceptable value comply with recommended standards.
Index Terms-Shunt Active Power Filter (SAPF); Power Quality (PQ); Current Control Strategy (CCS); Hysteresis Current Control Technique (HCCT).

I. INTRODUCTION
One of the serious problems in electrical systems in recent years is the increasing number of power electronic equipment in power system including renewable power generations which lead to cause of power quality (PQ) problems for the operation of power system devises, where Power quality (PQ) covers all aspects of power system engineering from transmission and distribution level analyses to end-user problems. Therefore, electric power quality has become a serious concern for both utilities and end users [1] .
The power quality (PQ) at distribution level, broadly refers to maintaining a near sinusoidal power distribution bus voltage at a rated magnitude and frequency, but one of the major issues that cause power quality problem is namely harmonic distortion for voltage or current waveforms, the power electronic converters inject high power nonsinusoidal currents (i.e., harmonic) currents into the AC utility grid and the harmonics injected into the power system cause line voltage distortions at the Point of Common Coupling (PCC) where the linear and nonlinear loads are connected as shown in Fig. 1 . The rapid development in the efficiency of the power electronic technology which offer many economical and reliable solutions to provides efficiency enhancement in the control and management for electrical energy utilization, therefore this technology leads to an expansion and proliferation for the using of modern power electronic equipment in a wide range of applications in distribution networks, particularly in domestic and industrial applications ,but those devices introduce a nonlinear operational characteristics because of the current vary disproportionately with the applied voltage, therefore the connection of the electrical network to these nonlinear loads cause the appearance of current and voltage harmonics and lower power factor (PF), where current become nonsinusoidal and cause injection of harmonics and reactive power in the distribution system which leads to poor power system quality [1] - [3] .
Also sources of harmonics in power systems are mainly obtained from three major areas as detailed and shown in The harmonic pollution due to presence of these harmonics in distribution system leads to additional losses in distribution system devices, low energy efficiency, harmonic resonances in the utility, incorrect operation or malfunction of harmonic sensitive loads, and interference with power equipment and communication networks, and also causes more undesirable effects such as improper operation of protection relays and circuit breakers which cause tripping of circuit breakers due to overload, overheating of distribution transformers, neutral heating due to triple n harmonics, etc. finally Lack of standard quality power due to presence of harmonics and reactive power can cause damage of equipment or even be harmful to human health resulting in loss of production and also has harmful effect and impacts leads to poor power factor and penetration of system power quality, Therefore in the recent years, focus has been given on improving "Electrical Power Quality" (EPQ) [3] - [5] .
In order to mitigate the permanent power quality problem, there are techniques for reducing or eliminating harmonics from power systems by putting harmonic filters close to the current injection source where harmonic filters are designed to reduce the impacts of harmonic penetration when harmonic content has been exceeded in power distribution system, Hence, the Shunt Active power filters (SAPFs) are introduces to overcome these problems and have functions making it broadly utilized in active filtering applications for current harmonic reduction and power factor improvement, where active filters can suppress not only the supply current harmonics, but also the reactive currents and its performance is free and independent of the power distribution system properties, therefore SAPF become an effective and powerful solutions for many power quality problems [6] .
The configuration of the shunt active filter is classified into two main parts consists of active filter controller, and power converter as shown in Fig. 3 , where controller is responsible for determining the instantaneous compensating reference current, which is continually passed to the power converter which responsible for synthesizing the compensating current that should be drawn from the power system by utilizing an adequate modulation method [7] .
From the point of view of practical applicability, active filtering can be of two types: partial filtering and total filtering. In the partial filtering case, the supply phase currents are balanced and sinusoidal or they have the same shapes as the voltages. In the total filtering case, the supply currents are balanced and sinusoidal or have the same shapes and zero crossing as the voltages. On the other hand, if the current is sinusoidal, the goal of filtering is "zero distortion factors" and if the current has the same shapes and zero crossing as the voltage, the goal of filtering is "unity power factor". So, the desired current can be the sum of the active and reactive components in the partial filtering case and the active component in the total filtering case [8] . SAPF appear to be a viable solution for controlling harmonics associated problems and is implemented to draw/supply a compensated current from/to the utility and acting as an ideal current source injecting the proper nonsinusoidal harmonic components with the same amplitude but shifted or opposite in phase with the load harmonic current as well as absorbing or generating reactive power there by eliminating the unwanted harmonics and compensate for reactive power of the connected load and finally a result, the SAPF cancels out the load harmonic currents and leaves the fundamental current component to be provided by the power system and improve the poor system power factor (PF) and the supply currents becomes "clean" sinusoidal, free from harmonics and in phase with the distribution voltage source as shown in the Fig.4 . Furthermore SAPF can keep the power system balanced under the condition of the unbalanced and the nonlinear loads [2] , [4] , [6] . 
II. CONTROL STRATEGIES
The control strategy of the SAPF can be implemented in two steps, where the first step is the extraction of compensating signals from the distorted signals represented by the reference current extraction method and the second step is represented by the current control technique based on hysteresis strategy which used for the generation of the appropriate firing signals to control the switching devices for SAPF based on the estimated reference signal [6] . This paper focus on the control algorithms which applied for extraction of the reference current signals based on the integration of four different control strategies which implemented as: -Constant Instantaneous Power Control Strategy -Sinusoidal Source Current Control Strategy -Generalized Fryze Current Control Strategy -Sinusoidal Fryze Current Control Strategy Under sinusoidal, balanced system voltages, the three control strategies can produce approximately the same results. However, under non sinusoidal and/or unbalanced system voltages, each control strategy guarantees its respective compensation characteristic. Hence, the resultant compensated source currents are different [9] .
A. Constant Instantaneous Power Control Strategy
The instantaneous active and reactive power theory, known as (p-q) theory, has been developed for three-phase three wire systems with balanced and sinusoidal source voltage. The compensation target is assumed to get a constant instantaneous source power [7] .
The main advantages of this theory are the simplicity of its calculations, since only algebraic operations are required based on the instantaneous values in three-phase power systems for separation of some power components in their mean and alternating values from instantaneous active and reactive powers components based on an algebraic transformation (Clarke transformation) [7] .
The (p-q) scheme with control block diagram shown in Fig. 5 is most widely used because it valid for steady-state or transitory operations and also provide fast dynamic response but it have some disadvantages, where it need more calculations and using low-pass filters to separate the instantaneous real and imaginary powers into average and oscillating parts, which introduces time delays that degenerate the active filter dynamic performance and it gives inaccurate results under distorted and/or asymmetrical source voltage conditions, where under this condition it is impossible to implement a shunt active filter that satisfies simultaneously [4] , [9] , [10] : i) constant instantaneous real power drained from the network;
ii) sinusoidal compensated current; and iii) Proportionality between the system voltage and the compensated current. 
B. Sinusoidal Source Current Control Strategy
In this control method the SAPF force the compensated current to be sinusoidal and cannot achieve both conditions to have sinusoidal and balanced current so to get constant power drawn from the utility it supposed to use the instantaneous power control strategy and also to get a sinusoidal compensated source current it supposed to use the sinusoidal current control strategy [12] - [13] . Based on this control strategy the SAPF should compensate all harmonics that are present in the current, but where the supply voltage mostly has positive sequence present in it beside may consists of negative sequence as well as zero sequence harmonics, therefore the positive sequence detector is being required in the filter to extract the amplitude, phase angle and frequency of the fundamental positive-sequence voltage (V+1) and gives it in the form of instantaneous values. Therefore, the main difference between this control algorithm and the original (p-q) one, is the addition of the positive-sequence voltage detector which basically necessary and based on dual p-q control theory depending on an important part of the PLL (Phase Locked Loop) circuit, the control block diagrams for overall control algorithm, positive sequence voltage detector and PLL circuit are detailed in the Fig. 6,7 , and 8, [9] , [13] , [14] . 
C. Generalized Fryze Current Control Strategy
This control strategy for of harmonic compensation is one of the most important and effective strategy among other control strategy where it compensates more harmonics than other control strategy. The current compensated by means of this control strategy presents a minimum RMS value to draw the same three-phase average active power from the source as the original load current and this reduces losses in the transmission system. The advantage of this generalized Fryze current control is the reduction of calculation effort, since it handles directly with the abc phase voltages and line currents which makes this control strategy is very simple. Fig. 9 shows the control algorithm for a Generalized Fryze Current Control Strategy. [7] , [13] . 
D. Sinusoidal Fryze Current Control Strategy
This control strategy is a combination of that two strategies mentioned before, where it tries to keep the compensation flexibility as in the first method and reduces computation efforts as in the second method and it has the same kernel and based on a control strategy that is known as the Generalized Fryze Current,This control strategy is associated with a fundamental positive-sequence voltage detector to avoid the critical drawback of the Generalized Fryze Currents when the system voltages have unbalances and/or distortions but it differs from that proposed in the second method for finding of the fundamental, positivesequence, voltage component. This control strategy is created and extended to power electronics applications and used to solve a problem of finding the minimum (active) current component that transports the same energy of a generic three-phase load current. The difference between the generic load current and that minimized current comprises all harmonic current components that does not contribute to the transport of energy between the power supply and the generic load. The results for this control strategy cannot guarantee sinusoidal and balanced compensated currents if the system voltage at the PCC is distorted and/or unbalanced but it can guarantee compensated currents that are proportional to the system voltage and have the same waveforms, Also this control strategy is works directly without needing for any transformation, where this elimination of the Clarke transformation reduced calculation and requires less computation efforts which making this strategy simple comparing with the previous methods [9] - [10] , [13] , [14] .
The combination between the proposed positive-sequence voltage detectors, together with the Generalized Fryze Currents control strategy constitutes a new control strategy Which known as the Sinusoidal Fryze Currents control strategy, where Fig. 10 shows the complete functional block diagram of the SAPF controller based on Sinusoidal Fryze Current Control Strategy which consists from three main parts, The first part is the proposed positive-sequence voltage detector shown in Fig. 11 which implemented with the addition of a synchronizing (PLL) circuit that tracks continuously the fundamental frequency Of the system voltage and allowed proper operation under distorted and unbalanced system voltage as shown in Fig. 12,[15] , [16] . The second part in the functional control diagram is "Current Minimization" which detailed in the Fig. 13 and it implemented to determine the instantaneous compensating reference currents, where SAPF compensates the difference between this calculated active currents and the actual measured load currents which synthesized by the converter of the shunt active power filter [15] . The third and last part in the control diagram is the dc voltage regulator shown in Fig. 14 and it used to generate a control signal that forces the SAPF to draw additional active current from the network, to compensate for losses in the power circuit of the SAPF. Also, it corrects dc voltage variations caused by abnormal operation and transient compensation errors [15] , [16] . Finally, based on this proposed controller, it is possible to guarantee that the compensated currents drawn from the network are always sinusoidal, balanced and in phase with the positive sequence system voltages and this function introduces a great enhancement done at the "Generalized Fryze Currents" by applying of Sinusoidal Fryze Current Control Strategy [15] , [16] .
III. PROPOSED SYSTEM PARAMETERS
Where the control strategy is the heart for SAPF ,therefor to study the dynamic performance for the previous three control strategies under distorted/non-distorted supply voltage the simulating system is very important, where the proposed system shown in Fig. 15 is composed mainly of AC utility grid (three phase distribution voltage source) connected to a nonlinear load through a transmission line (feeder) with a certain length and a conventional voltage source converter (VSC) acting as shunt active power filter SAPF which exposed to the hysteresis current controller technique (HCCT). The parameters of these elements which connected together at the PCC are given in Table I . 
IV. SIMULATION RESULTS
The purpose of the simulation is to show the effectiveness for different current controller of the shunt active power (SAPF) filter in reducing the harmonic pollution produced on the load side under sinusoidal (non-distorted) and nonsinusoidal (distorted) utility voltages conditions, where MATLAB/SIMULINK is developed as a simulation tool to implement the proposed SAPF and study its performance for harmonic current elimination and reactive power compensation at PCC in power distribution system. The proposed scheme is first simulated without filter to find out the total harmonic distortion (THD) for the supply current and its power factor, and then it is simulated with the SAPF and comparing between results obtained from different current controller methods. The results which obtained when system simulated without SAPF is shown in Fig. 16 and implement the THD for supply current and its spectrum and power factor when in two cases when supply voltage is nondistorted and distorted. The waveforms and spectrums for sinusoidal and nonsinusoidal supply voltage are shown in Fig. 17 , where the THD for sinusoidal voltage is 0.02% and the THD for nonsinusoidal voltage is 35.61% which measured on the end (bus) of the feeder with length is 1.5km from the grid. The proposed system with SAPF is simulated with previous four current control strategies which mentioned above and taken the harmonic spectrums for supply current under sinusoidal and non-sinusoidal utility voltages conditions which observed and mentioned as shown in Fig.  18 and 19, also the waveforms for utility (supply) current, non-linear load current, and filter current under sinusoidal and non-sinusoidal utility these conditions are shown in Fig.  20 . Finally, Table II , summarizes all results for THD and P.F under different control strategies and supply voltage conditions where constant instantaneous power control strategy are simulated from 0.0 to 0.1 and sinusoidal current control strategy are applied after that from 0.1 to 0.2 and then applied generalized fryze current control strategy from 0.2 to 0.3 and finally applied sinusoidal fryze current control strategy from 0.3 to 0.4 with represent the total simulation time. From simulation results taken under different current control strategies, it observed that the supply voltage conditions represent a very important role and all proposed control theories are affected by this condition and performances for all controllers are different from each other when supply voltage is non-sinusoidal. From view point of power quality, it important to introduce a control algorithm making the function of supply current harmonic elimination and also compensate the system power factor with an acceptable value for THD compatible with the power quality recommended international standards under different supply voltage conditions. With sinusoidal supply voltage all proposed control theories give an acceptable values for THD and P.F, also with non-sinusoidal supply voltage the control theories give an acceptable values for power factor correction and the best value is unity power factor which taken with sinusoidal current control strategy but with THD all controllers based on using of fundamental positive sequence detector algorithm which deal with supply voltage distortion give an acceptable values within the suitable THD range less than 5 % where with sinusoidal fryze current control strategy the THD is 4.54 % ,but also the sinusoidal current control strategy achieved the least values for THD with a value of 2.75%, therefore the sinusoidal current control strategy introduce the best control performance with distorted and non-distorted supply voltage conditions.
